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Abstract 
The influence of functionalized multi-walled carbon nanotubes (fMWCNT) in the presence of 1-butyl-3-methylimidazolium 
hexafluorophosphate ([BMIM]PF6) in different ratios was investigated on the acetaminophen (ACOP) electrochemical determination. 
The electrochemical behavior of the ACOP exhibited a pair of well-defined redox peaks, suggesting that the reversibility of ACOP was 
significantly improved in comparison to irreversible oxidation peak on bare GCE. The redox process was controlled by adsorption, 
involves two electrons and the value of apparent rate constant (ks) was equal to 14.7 s−1 ± 3.6 s−1. The analytical curves were obtained 
for concentrations of ACOP ranging from 0.3 to 3.0 μmol L−1. The values of the detection limit were calculated from SWV and found to 
be 6.73 × 10−8 mol L−1. The proposed electrochemical sensor exhibited good stability and reproducibility and was applied for ACOP 
determination in tablets (Tylenol® and Tylenol®DC) with satisfactory results. 
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1. Introduction 
Acetaminophen (N-acetyl-p-aminophenol, ACOP) is one of the most used pharmaceutical compounds in many countries. In most cases, 
ACOP is the first choice to be administered as analgesic and antipyretic drugs. As reported in the literature, the use of ACOP in excess 
leads to hepatotoxicity and nephrotoxicity cases [1,2]. Due to the harmful effect to human health, the development of analytical methods 
for its determination has increased [[3], [4], [5], [6], [7], [8], [9], [10], [11], [12], [13], [14], [15]]. As a result of the ACOP's ability to oxidize 
electrochemically on the surface of the electrode, the number of publications related to ACOP electrochemical detection has been 
increased over the last years [3]. It is common knowledge that various configurations of modified electrodes can be constructed. 
Therefore, electrochemical sensing has attracted much interest in the field of analytical chemistry. 
 
Room temperature ionic liquids (RTIL) can be defined as liquid electrolytes made entirely of ions which have melting points below 100 °C 
[16]. The RTIL structure typically consists of a bulky and large organic cation and an organic/inorganic anion, wherein the difference in 
size of cations and anions does not enable the formation of an ionic lattice; instead, ions are typically disorganized, which results in the 
salts remaining liquid at room temperature. The unique physicochemical properties of RTIL have been highly utilized in Electrochemistry, 
commonly in the form of RTIL‑carbon nanomaterial hybrids. The intrinsic conductivity of RTIL makes them useful in electrochemical 
studies for detection of different types of compounds such as pharmaceuticals, endocrine disrupters, neurotransmitters, pesticides and 
others [17]. 
 
The combination of RTIL and carbon nanotubes in the construction of modified electrodes can provide unique advantages due to the 
synergistic effect and significant enhancement for numerous electrochemical applications. The excellent electrical conductivity, need for 
high surface area, catalytic activity and high sensitivity is fundamental to the extensive usefulness and numerous applications of RTIL 
[18]. Yan et al. [19] reported a voltammetric procedure for uric acid determination using a multi-walled carbon nanotube-ionic liquid paste 
coated glassy carbon electrode (GCE), with the use of the IL improved the electrocatalytic properties of the electrode surface for uric 
acid detection. Tao et al. [20] reported a voltammetric procedure for estradiol determination using GCE modified with multi-walled carbon 
nanotubes (MWCNT) and the 1-butyl-3-methylimidazolium hexafluorophosphate ([BMIM]PF6). The proposed electrode afforded an 
electrocatalytic effect when compared with MWCNT/GCE for estradiol detection. This effect has been attributed to increased uniformity 
of the film on the GCE surface in the presence of the RTIL, the “cation-p” interactions with the RTIL and the high number of electroactive 
sites of MWCNT and the accumulation of the analyte molecule on the electrode surface from the hydrophobic ionic liquid-estradiol 
molecule interaction [20]. Similar results were observed for the determination of different molecules as endocrine disrupters [21], 
bisphenol A [22], dopamine [23] and pyrimethanil [24]. 
 
Although different sensors are described in the literature, many of these are examples of a carbon ionic liquid paste electrode, to obtain 
an electrode with high performance and optimum values of reproducibility and detection limits. On the other hand, it is not established 
that there is a direct correlation with the ratios of MWCNT and ionic liquid proportion and their performance as an electrochemical sensor. 
 
Considering what has been described above, this study focused on the dispersion of functionalized multi-walled carbon nanotubes 
(fMWCNT) in the presence of [BMIM]PF6 on GCE in different ratios was used to develop a suitable sensor for the determination of 
ACOP in two different pharmaceutical formulations (Tylenol® and Tylenol®DC) applying a simple, accurate and low-cost sensitive 
electrochemical methodology. 
2. Experimental 
2.1. Chemicals and reagents 
ACOP, Nafion® (10 wt% in H2O), [BMIM]PF6, multi-walled carbon nanotubes powder (MWCNT, 6–9 nm diameter, 5 μm length) was 
obtained from Sigma Aldrich. All others reagents and solvents used in this study were analytical grade. ACOP tablets (Tylenol® and 
Tylenol®DC) were purchased from Janssen-Cilag Farmacêutica Ltda (São Paulo, Brazil). All the solutions were prepared with water 
purified by Milli-Q System (Millipore Corp.). ACOP standard solution was prepared by dissolving an appropriate quantity in ultrapure 
water, which was then stored in a dark flask and kept in a refrigerator to prevent degradation. 
 
2.2. Apparatus 
Electrochemical measurements were performed on an Autolab PGSTAT 101 Metrohm-Eco Chemie controlled by a personal computer, 
using Nova software version 1.11.2. A conventional three-electrode system, which was composed of a bare or modified GCE (BASi, 
3 mm diameter) as the working electrode, a Pt sheet as the auxiliary electrode and an Ag(s)/AgCl(s)/Cl− (aq) (saturated KCl) as the 
reference electrode. When it was necessary, a Microanal B474 pH meter equipped with a Ag/AgCl/3.0 mol L−1 KCl glass combined 
electrode was used to adjust the pH values by adding appropriate amounts of 1.0 mol L−1 NaOH stock solution. The electrodes were 
cleaned in a Quimis model Q335D ultrasonic cleaner equipped with a heating bath. Surface characterization of the fMWCNT-
[BMIM]PF6/GCE and fMWCNT/GCE was acquired by field emission gun-scanning electron microscope (FEG-SEM) using a FEI-Quanta 
450 FEG microscope. The zeta potential of the fMWCNT-[BMIM]PF6 was measured using a Malvern Zetasizer NS 3601 at 25 °C. 
 
2.3. Sensor preparation 
The MWCNT were functionalized by acid treatment with concentrated sulfuric acid and nitric acid (3:1 v/v) [25]. This mixture was under 
moderate magnetic stirring for 12 h at 26 ± 1 °C. Then, the suspension was vacuum filtered, washed several times with ultrapure water 
until a pH 7.0 was achieved, and was then dried at 70 °C for 12 h. This strong acid treatment promotes the generation of functional 
groups, such as carboxyl, hydroxyl, quinone, nitro, and amino, on the surface of the MWCNT [26,27]. 
 
The composite material was produced by mixing different amounts of fMWCNT, [BMIM]PF6 and Nafion® dispersion. Several ratios of 
fMWCNT and [BMIM]PF6 were evaluated, namely, 1:0; 1:5; 1:10; 1:20; 1:30; 1:40 and 0:1 (w/w). Typically, a dispersion containing 
fMWCNT, [BMIM]PF6 and Nafion® were prepared by adding an appropriate mass of IL in 1.0 mg of fMWCNT dispersed in 1.0 mL of 
dimethylformamide (DMF) containing 0.5% (w/w) Nation® in dimethylformamide (DMF). Next, the fMWCNT-[BMIM]PF6 dispersion was 
obtained by sonication for 5 min. 
 
GCE was polished with 3 μm diamond paste, then washed with ultrapure water, immersed in ethanol and placed in an ultrasound bath 
for 5 min. This last procedure was repeated with purified water. Finally, the surface of the GCE was dried by a stream of N2 (White 
Martins, Brazil). The modified with fMWCNT-[BMIM]PF6 suspension by dropping 1.5 μL onto the GCE surface, and dried at 60 °C for 
15 min in a homemade oven lamp. When not in use the modified electrode was stored in a desiccator at room temperature. 
 
2.4. Electrochemical experiments 
An electrochemical cell containing 10.0 mL of supporting electrolyte was used for electrochemical experiments. Between each 
experiment, the solution was stirred using magnetic stirrer for 3 min, thus assuring the reproducibility of all the experiments. The buffer 
solutions using as supporting electrolytes were 0.1 mol L−1 McIlvaine buffer (prepared by mixture of 0.1 mol L−1 citric acid and 
0.1 mol L−1 sodium hydrogen phosphate in suitable amounts to obtain the desired pH), 0.1 mol L−1 Sörensen buffer (prepared by mixture 
of 0.1 mol L−1 sodium hydrogen phosphate and 0.1 mol L−1 potassium dihydrogen phosphate), 0.1 mol L−1 potassium biphthalate 
(prepared by mixture of 0.1 mol L−1 potassium biphthalate and 0.1 mol L−1), and 0.04 mol L−1 Britton-Robinson (BR) buffer (prepared 
by the mixture of 0.04 mol L−1 phosphoric acid, boric acid, and acetic acid and the pH was adjusted to the desired value by adding 
suitable amounts of 1.0 mol L−1 NaOH stock solution. Cyclic voltammetry (CV) was used to obtain the electrooxidation results of the 
ACOP besides the adsorption character of the modified electrode. Square-wave voltammetry (SWV) was the electrochemical technique 
performed to detect and to quantify the ACOP. The optimization of the analytical procedure was carried out in response to a systematic 
study of experimental parameters which affect the responses, such as supporting electrolyte, pH, pulse potential frequency (f), amplitude 
of the pulse (a) and the height of the potential step (ΔEs). All parameters presented appropriately optimized with regard to the maximum 
value of the peak current, because their values exert influence on the high sensitivity of voltammetric analysis [28]. 
 
2.5. Sample preparation 
Two pharmaceutical samples containing ACOP, Tylenol® 500 tablets, each tablet containing 500 mg of ACOP, purified water, starch, 
pre-gelatinized starch, sodium starch glycolate, micro-fine cellulose magnesium stearate, hypromellose and Macrogol. Tylenol® DC 
tablets, each tablet containing 500 mg of ACOP and 65 mg of caffeine, corn starch, pre-gelatinized starch, sodium starch glycolate, 
micro-fine cellulose, FD&C Yellow No. 6 aluminum lake, FD&C Red No. 40 aluminum lake, titanium dioxide, magnesium stearate, 
hypromellose and Macrogol, were purchased from a local drugstore. A simple and fast sample preparation step [29] before aliquots of 
each working solution were directly transferred to the electrochemical cell and the respective voltammograms were recorded. The ACOP 
concentration of each sample was determined in triplicate using the analytical curve previously obtained. For the recoveries using UV–
Vis technique, the procedure was adopted as described in Brazilian Pharmacopoeia to the quantification in tablets and oral solutions 
[30]. Tylenol®DC and Tylenol®500 were prepared in 0.01 mol L−1 NaOH. Ten tablets were taken and weighed individually, and 
calculated the average mass and all solutions were prepared to a final concentration of 1.0 × 10−3 mol L−1. 
 
3. Results and discussion 
3.1. Morphological analysis of fMWCNT in the presence of [BMIM]PF6 
The SEM of bare GCE showed the profile characteristic from polishing procedure (Fig. 1A). The field emission scanning electron 
microscope was used to examine the morphologies of fMWCNT and fMWCNT-[BMIM]PF6. Fig. 1 shows field emission scanning electron 
microscope images for two different magnifications of GCE modified with different modifications. fMWCNT (B and D) and fMWCNT-
[BMIM]PF6 dispersion fMWCNT-[BMIM]PF6/GCE) (C and E). 
  
Fig. 1 - SEM image of bare GCE (A), FEG-SEM images obtained for GCE modified with fMWCNT (B, D) and fMWCNT-[BMIM]PF6 (1:5) (C, E). 
 
The fMWCNT morphology was highly entangled with each other, forming a characteristic structure, (Fig. 1B, D), which could be allocated 
π-π stacking interactions between fMWCNT, composing a structure firmly adherent to each other. However, the FEG-SEM recorded for 
the fMWCNT-[BMIM]PF6 (Fig. 1C and E) shows the formation of a material with gel aspect with fMWCNT wrapped by the RTIL 
architecture. The RTIL reduces the agglomeration of the nanotubes, which were more dispersed. 
 
The [BMIM]PF6 used was composed of an imidazole ring and alkyl chain. The imidazole ring has a π-conjugated structure, and positive 
charge is located mainly in the imidazole ring, π-electrons and cations in [BMIM]PF6 could interact with π-electrons in fMWCNT. 
Additionally, the high surface energy of the fMWCNT was effectively appeased since they were surrounded by [BMIM] PF6 to π-π 
stacking interactions and cation-π interactions between RTIL and fMWCNT. Therefore, it could be assumed that [BMIM]PF6 played an 
important role in dispersing fMWCNT (Fig. 1C, E) [31,32]. 
 
In order to better characterize the [BMIM]PF6-fMWCNT was obtained the zeta potential for the fMWCNT surface functionalized with the 
[BMIM]PF6. The acid treatment of MWCNT produced carboxylic groups, which consequently makes the MWCNT surface negative 
[33,34]. The surface potential of [BMIM]PF6-fMWCNT became positive after modification with [BMIM]PF6 with value equal to 
41.5 ± 0.97 mV. The change in the potential is consequence of MWCNT surface functionalization [35,36]. 
 
3.2. Characterization of electrochemical behavior of the modified electrode 
Cyclic voltammetry (CV) was used to investigate the electrochemical behavior of a GCE, [BMIM]PF6/GCE, fMWCNT/GCE, Nafion®/GCE 
and fMWCNT-[BMIM]PF6/GCE in 1.0 mmol [Fe(CN)6]3−/4− as electroactive indicator in 0.1 mol L−1 KCl recording at a scan rate of 
100 mV s−1 (Fig. 2). 
 Fig. 2. Cyclic voltammograms for the GCE (black), fMWCNT/GCE (red), [BMIM]PF6/GCE (green), fMWCNT-[BMIM]PF6/GCE (1:10) (blue), and Nafion®/GCE (cyan) in 1.0 mmol 
[Fe(CN)6]3−/4− in 0.1 mol L−1 KCl at 100 mV s−1. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
 
A couple of reversible redox peaks of the probe could be observed on the modified electrodes, indicating a reversible electrochemical 
process. The current peak increased two times for the fMWCNT-[BMIM]PF6/GCE (1:10) when compared with the [BMIM]PF6/GCE and 
1.1 times higher than the fMWCNT/GCE. The reason for these values may be attributed to the fact that fMWCNT could increase the 
effective surface area, and enhance the current signal of the electrode efficiently. However, as compared to unmodified GCE it is possible 
to verify that there was a decrease of 1.2 times the current value when compared with fMWCNT-[BMIM]PF6/GCE. 
 
The reason could be attributed to the negative charge of Nafion®, which blocked the diffusion of ferrocyanide and ferricyanide towards 
the electrode surface, and thus completely hindering the electron and mass transfer. This was due to the electrostatic (negative charge) 
repulsive effects between Nafion® and [Fe(CN)6]3−/4− [[37], [38], [39]], with no well-defined peak in cyclic voltammetry experiments for 
Nafion®/GCE there was defined peak as shown in Fig. 2. 
 
The differences between anodic peak potential and cathodic peak potential (Epa–Epc) values, 85.4 mV at GCE and 141.6 mV at 
[BMIM]PF6/GCE, including 114.8 mV at fMWCNT/GCE and 97.7 mV at fMWCNT-[BMIM]PF6/GCE (1:10) for the redox process of 
[Fe(CN)6]3−/4−, indicated that the electrode surface with fMWCNT and [BMIM]PF6 improved the reversibility of the [Fe(CN)6]3−/4− 
redox couple. These effects confirmed the large surface area and electrostatic interaction of fMWCNT and the affinity of the positively 
charged imidazolium cation for the negatively charge of the probe used. 
 
3.3. Factors influencing the determination of acetaminophen 
In order to achieve a maximum electrochemical response of the sensor, experimental parameters such as pH, supporting electrolyte 
and the mass ratio of [BMIM]PF6 and fMWCNT were optimized for the determination of ACOP. Firstly, the electrochemical behavior of 
1.19 × 10−5 mol L−1 ACOP at the fMWCNT-[BMIM]PF6/GCE (1:10) was evaluated by SWV with f = 100 s−1, a = 50 mV and ∆Es = 2 mV 
in BR buffer with pH between 3.0 and 9.0 (data not showed). The BR buffer was selected for initial experiments because this is 
traditionally used in electroanalytical application [40,41]. A single well-defined process probably related to the oxidation of ACOP to the 
reactive metabolite, N-acetyl-p-quinoneimine was observed at all pH in potential range from 0.2 to 0.8 V [[42], [43], [44], [45], [46]]. The 
potential of anodic electrochemical process shifted to more negative potentials with increasing solution pH. Similar behavior was reported 
in the literature for ACOP detection using a carbon ionic liquid electrode [47] and using the glassy carbon electrode modified with 1-
butyl-3-methylimidazolium tetrafluoroborate and TiO2 nanoparticles [48]. The maximum peak current was clearly evidenced at pH 5.0, 
which was selected as the optimized value. 
 
In order to reach maximum sensitivity, the influence of IL amount in the fMWCNT-[BMIM]PF6 dispersion on the voltammetric response 
of the ACOP at fMWCNT-[BMIM]PF6/GCE was studied. The peak current for 1.19 × 10−5 mol L−1 ACOP in BR buffer pH 5 was analyzed 
with GCE modified with dispersion in different proportions of [BMIM]PF6 and fMWCNT changed with different concentrations of 
[BMIM]PF6 (0.0 to 40 mg mL−1), while the concentration of fMWCNT was fixed at 1 mg mL−1, as can be seen in Fig. 3A where a peak 
current maximum was obtained. Through analysis of peak current of ACOP it was possible to conclude that the fMWCNT-
[BMIM]PF6/GCE (1:5) exhibited a peak current which was 1.1 times higher than fMWCNT-[BMIM]PF6/GCE (1:10), 1.04 times higher 
than fMWCNT-[BMIM]PF6/GCE (1:30), 1.76 times higher than fMWCNT/GCE and exhibited a peak current which was 6% lower than 
the value obtained for fMWCNT-[BMIM]PF6/GCE (1:20). Therefore, the dispersion of fMWCNT-[BMIM]PF6 containing 1 mg mL−1 
MWCNT and 5 mg mL−1 [BMIM]PF6 was used to modify the GCE surface in the following electrochemical analysis. 
 
 
Fig. 3. (A) Effect of the mass ratio between fMWCNT and [BMIM]PF6 from the SWV for 1.19 × 10−5 mol L−1 ACOP in BR buffer pH 5.0, on fMWCNT-[BMIM]PF6/GCE; f = 100 s−1; 
a = 50 mV and ∆Es = 2 mV. (B) Relationship between peak current (Ip), peak potential (Ep) and pH obtained from the SWV for 1.19 × 10−5 mol L−1 ACOP in McIlvaine buffer on fMWCNT-
[BMIM]PF6/GCE (1:5); f = 100 s−1; a = 50 mV and ∆Es = 2 mV. 
 
In the presence of [BMIM]PF6, fMWCNT were dispersed by shear force. [BMIM] PF6 could keep the isolated fMWCNT rebinding together 
under the shielding effect of the π-π stacking interaction between fMWCNT. In a high concentration of [BMIM]PF6, MWCNT could be 
wrapped up by [BMIM]PF6 minimizing the advantage of fMWCNT. Therefore, [BMIM]PF6 performed an irreplaceable role in the 
dispersion process MWCNT [49,50]. 
 
3.3.1. Effect of the supporting electrolyte and pH values 
In order to optimize the supporting electrolyte, four different buffer solutions in pH 5.0 were analyzed by SWV with f = 100 s−1, a = 50 mV 
and ∆Es = 2 mV, with the values of peak current resulting in this order: biphthalate (7.32 μA) < BR (18.73 μA) < Sörensen 
(39.77 μA) < McIlvaine (55.72 μA). Thus, Mcllvaine buffer was chosen as the optimized supporting electrolyte. 
 
The effect of pH was evaluated for Mcllvaine buffer in pH 3.0 to 7.0. It was observed that the peak potential shifted negatively with the 
increase of the pH value, as can be seen in Fig. 3B. The relationship between the potential Ep (V) and pH was directly investigated and 
a linear regression equation Ep (V) = −0.0522 ± 7.7 × 10−3 pH + 0.7932 ± 1.5 × 10−3, r = 0.9968 was obtained. The calculated slope 
(52.2 mV) was close to the theoretical one (59 mV pH −1) for a classical Nernstian process with the participation of equal number of 
protons and electrons [51]. The similar result was obtained in the literature for ACOP detection for different modified electrodes described 
in the literature as MWCNT [52], Pd/graphene oxide [53], poly(4-vinylpyridine)/MWCNT [25], Fe3O4-poly(diallyldimethylammonium 
chloride-graphene/GCE [54] and ytrium hexacyanoferrate/reduced graphene oxide/GCE [55]. 
 
3.3.2. Electrochemical behavior of ACOP 
The electrochemical behavior of ACOP in different modified electrodes was assessed by CV in potential range from 0.2 to 0.8 V. The 
voltammetric profiles for the bare GCE, [BMIM]PF6/GCE, fMWCNT/GCE and fMWCNT-[BMIM]PF6/GCE (1:5) in the presence of 
1.19 × 10−5 mol L−1 of ACOP in Sörensen buffer pH 5.0 at 10 mV s−1 were shown in Fig. 4A. 
 
ig. 4. (A) Cyclic voltammograms for 1.19 × 10−5 mol L−1 ACOP in McIlvaine buffer pH 5.0, scan rate 10 mV s−1 on (∙∙∙∙∙) GCE, (-----) fMWCNT/GCE, (-∙-∙-) [BMIM]PF6/GCE and () fMWCNT-
[BMIM]PF6/GCE (1:5). (B) Nyquist diagrams in the presence of 1.19 × 10−5 mol L−1 ACOP in McIlvaine buffer pH 5.0 on (●●●) GCE, (▲▲▲) fMWCNT/GCE, (■■■) [BMIM]PF6/GCE and 
(◆◆◆) fMWCNT-[BMIM]PF6/GCE (1:5) with f = 40 kHz to 10 mHz, a = 10 mV and Ep/2 = +0.51 V, +0.50 V, +0.54 V e + 0,51 V, respectively. 
No redox peak was obtained in all voltammograms in Sörensen buffer pH 5.0 in absence of ACOP indicating that all of modified surfaces 
were non-electroactive in the potential range studied. In the presence of 1.19 × 10−5 mol L−1 of ACOP a well-defined peak was obtained 
on different surfaces. From bare GCE, peak potentials were obtained at 0.539 V and 0.476 V, with a separation (∆Ep) of 63.5 mV. When 
fMWCNT or [BMIM]PF6 were used to modify the bare GCE, the redox pair relative to ACOP was observed only for the first modification. 
At fMWCNT/GCE it was detected an oxidation peak at 0.530 V and a reduction peak at 0.488 V with separation (∆Ep) of 41.5 mV. For 
the [BMIM]PF6/GCE the oxidation peak was recorded at 0.583 V. At [BMIM]PF6-fMWCNT/GCE (1:5) an oxidation peak was observed 
at 0.534 V and a reduction peak at 0.493 V with ∆Ep of 41.5 mV. It could be noted that the oxidation of ACOP at [BMIM]PF6/GCE was 
an irreversible process under these experimental conditions, and the modification with fMWCNT exhibited a quasi-reversible process. 
The dispersion with fMWCNT-[BMIM]PF6 can effectively change the oxidation potential for more negative potentials when compared 
with fMWCNT/GCE. Moreover, the oxidation peak current of ACOP at the [BMIM]PF6-fMWCNT/GCE (1:5) was 1.61 times higher than 
at the bare GCE and 1.19 times higher than at the fMWCNT/GCE. Further these results indicated that the modified electrode improved 
the electron transfer rate on the electrode surface and exhibited larger electro-catalytic reactivity than GCE. 
 
Electrochemical impedance spectroscopy (EIS) is a technique for further characterization of the modified electrode, which can effectively 
probe the electron transfer kinetics at the electrode surface. Fig. 4B presented the Nyquist diagrams obtained for 1.19 × 10−3 mol L−1 
ACOP in McIlvaine buffer pH 5.0 at different electrodes. 
 
The calculated Rct values were 415.3 Ω, 93.2 Ω, 7140 Ω and 44 Ω for GCE, fMWCNT/GCE, [BMIM]PF6/GCE and fMWCNT-
[BMIM]PF6/GCE (1:5), respectively. These results indicated that the modification containing fMWCNT reduced considerably the Rct 
values compared with GCE and the modification containing only RTIL provided opposite effect. The Rct value for fMWCNT-
[BMIM]PF6/GCE (1:5) was 89.4% lower than the GCE, indicating that the film enhanced the electrical conduction pathways between the 
electrode surface and the supporting electrolyte [31,32]. 
 
3.4. Effect of the scan rate 
The voltammetric profiles for 1.19 × 10−5 mol L−1 ACOP in McIlvaine buffer pH 5.0 on the fMWCNT-[BMIM]PF6/GCE (1:5) at different 
scan rates (from 0.005 to 1.0 V s−1) were investigated. The dependence of peak current on square root of the scan rates was non-linear. 
However, the values of peak current increased linearly with the value of the scan rate, and the regression equation can be expressed 
as follow: Ipa (A) = −1.04 × 10−7 ± 1.6 × 10−9 + 3.42 × 10−8 ± 2.1 × 10−11 v (mV s−1); r = 0.9582 and Ipc 
(A) = 7.29 × 10−8 ± 6.5 × 10−10 − 2.23 × 10−8 ± 1.9 × 10−11 v (mV s−1); r = 0.9917. These results suggested that the electrochemical 
process of ACOP on the fMWCNT-[BMIM]PF6/GCE (1:5) was an adsorption-controlled feature and this result was in agreement with 
different systems in the literature for ACOP detection using different modified electrodes, as graphene [56], Pd/graphene oxide [53], 
Fe3O4-poly(diallyldimethylammonium) chloride-graphene/GCE [54], composite film containing reduced graphene oxide and poly(3,4-
ethylenedioxythiophene) [57] and MWCNT-cetyltrimethyl ammonium bromide [58]. This conclusion was confirmed by linear dependence 
between log (Ip) and log (v) represented by equation log (Ipa/A) = −7.52 ± 1.97 × 10−3 + 1.02 ± 7.08 × 10−4 log (v/mV s−1); r = 0.9969 
and log (−Ipc/A) = −7.96 ± 1.05 × 10−3 + 1.13 ± 5.92 × 10−4 log (v/mV s−1); r = 0.9976. According these equations the slopes were close 
to 1.0, as expected value for a reaction with adsorbed species [59]. 
 
3.5. Determination of ACOP using fMWCNT-[BMIM]PF6/GCE by SWV 
The ACOP sensing using the fMWCNT-[BMIM]PF6/GCE (1:5) was developed by SWV technique. All the voltammetric parameters have 
been optimized in 0.04 mol L−1 McIlvaine buffer pH 5.0 solution in the presence of 1.19 × 10−5 mol L−1 ACOP, such that: the 
10 s−1 ≤ f ≤ 100 s−1, 10 mV ≤ a ≤ 100 mV and 1 mV ≤ ∆Es ≤ 5 mV. 
 
In the optimization of frequency for ACOP on fMWCNT-[BMIM]PF6/GCE (1:5) a characteristic of quasi-reversible redox reaction could 
be observed when the pulse frequency was increased due to the linear dependence between Ip × f and Ip × f 1/2 within the following 
range (5–50 s−1). The kinetic constants (ks) were estimated using the relation: ks = κmax·fmax, where κmax is the theoretically 
calculated critical kinetic parameter. A maximum at f = 30 s−1 (fmax = 30 s−1) was exhibited in the analysis of the peak currents and the 
corresponding frequencies plotted as a function of frequency. The responses of quasi-irreversible electrode processes are characterized 
according to SWV criteria [28] by a “quasi-reversible maximum”. Considering the α value as unknown and κmax value as 0.49 ± 0.12, 
which applies in the range of 0.2 ≤ α ≤ 0.8 [28]. Therefore, the ks value with the optimized experimental parameters used was determined 
to be 14.7 s−1 ± 3.6 s−1. This value is close to the values previously reported in the literature for similar electrodes [29,43]. 
 
Based on the dependence between κmax and f, it was possible to analyze the occurrence of adsorption of reactants and/or products on 
the working electrode surface using the relation: log κmax × (2 f)−1 = 0.010. For this system, the calculated value was 0.019 [28,60]. 
Thus, it was possible to conclude that there occurs adsorption of reagents on the electrode surface, because the calculated value was 
relatively close to the theoretical value (0.010). This diagnosis is in agreement with the voltammetric results obtained in this study. 
 
For the ACOP electrooxidation on fMWCNT-[BMIM]PF6/GCE (1:5) a linear dependence was observed between peak current and 
amplitude in the range from 5 to 100 mV. The optimized value was 25 mV, due the dependence between Ip and a was linear only when 
a = 50/n [28,60]. For ΔEs, no linear relation could be seen between values of Ip and ΔEs. Hence, the value of ΔEs = 2 mV was adopted. 
 
Under the optimized experimental conditions, the analytical curve for ACOP was constructed in triplicate using the fMWCNT-
[BMIM]PF6/GCE. Fig. 5 shows the SWV recorded for different [ACOP] and the respective analytical curve. The oxidation peak current 
was proportional to [ACOP] in the range from 0.3 to 3.0 μmol L−1 following the linear regression equation Ip (A) = −1.31 × 10−7 + 2.09 
[ACOP] (mol L−1) (r = 0.9933), with the limit of detection (LOD) equals to 67.3 nmol L−1. 
 
 Fig. 5. Square-wave voltammograms for ACOP determination in McIlvaine buffer pH 5.0 on fMWCNT-[BMIM]PF6/GCE (1:5) with f = 30 s−1, a = 25 mV and ΔEs = 2 mV, and concentrations 
in the range of 0.3 to 3.0 μmol L−1. Inset: Average peak currents obtained from three analytical curves. 
The LOD and limit of quantification (LOQ) for ACOP were obtained by using the procedure recommended by International Union of Pure 
and Applied Chemistry (IUPAC) [61]. Reproducibility (inter-day) and repeatability (intra-day) studies were performed, with relative 
standard deviation (RSD) values indicating that the procedure showed good repeatability and reproducibility, and could be successfully 
employed for analytical purposes. All figures of merit can be seen in Table 1. 
 
The analytical performance of fMWCNT-[BMIM]PF6/GCE was compared with some recently published reports, Table 2. The linear range 
obtained for the proposed sensor is similar of others reported modified electrodes. The LOD obtained in this work is higher than the 
modified electrode with graphene [56,63] and Nano-TiO2 [48], however the proposed sensor exhibit lower LOD value than other modified 
electrodes which could confirm that fMWCNT-[BMIM]PF6/GCE have high electrocatalytic and surface effects. Therefore, the fMWCNT-
[BMIM]PF6/GCE showed sensitivity up to 40 times higher when compared to ACOP sensors modified with metallic nanoparticles [62] 
for the determination of ACOP. Additionally, the LOD and LOQ values calculated by the proposed procedure presented values lower 
than data calculated from the use of the UV–Vis spectrophotometry (procedure recommended by United State Pharmacopoeia) 
previously published [29]. Furthermore, it is emphasized that the analytical parameters obtained in this work were sufficient to determine 
ACOP in tablets (Tylenol® and Tylenol®DC). 
 
 
 
 
 
 
  
 
3.6. Determination of ACOP in tablets 
In order to determine ACOP in two different commercial formulations the standard addition method was used. These analyses were 
performed in triplicate and the results obtained are shown in Table 3. The ACOP quantification of these samples was also performed by 
UV–Vis spectrophotometry at λ = 257 nm, for comparison and for determination of accuracy of methodology proposed. The calculated 
recoveries of ACOP using fMWCNT-[BMIM]PF6/GCE (1:5) by SWV were 82.84% and 94.75% and by UV–Visλ=257nm were 93.64% 
and 108.97% for Tylenol® and Tylenol®DC, respectively. Despite the presence of other electrochemically active compounds such as 
caffeine, all values obtained are within the acceptable linear range recovery percentages as a function of the analyte concentration [68]. 
 
To evaluate the precision and accuracy of the two methodologies developed, F-test and Student's t-test were carried out with confidence 
limit of 95%. For the F-test it was deliberated as a null hypothesis that the variances of the methods are identical and consequently have 
the same precision. Though in the paired t-test was adopted as the null hypothesis so that no there is considerable change in the 
accuracy of both methods [69]. The F-test was calculated and the F values were always lower than 0.12 indicating that the proposed 
methodology is more precise than the UV–Vis methodology, since the F critical value is 19.00 [69]. Although the calculated values of t 
(4.3) was the same of the tabulated value (4.3) implying that the null hypothesis is true. Thus, the accuracy of the method was statistically 
similar to the standard methodology adopted by the pharmacopeia. It means the sensor developed is suitable for ACOP determination 
in pharmaceuticals formulations with high sensitivity and precision. 
 
4. Conclusions 
A quantitative electroanalytical methodology has been developed for ACOP determination using the fMWCNT-[BMIM]PF6/GCE, based 
on the enhanced electrochemical reactivity when compared with GCE bare, [BMIM]PF6/GCE and fMWCNT/GCE. The electrooxidation 
of ACOP at the fMWCNT-[BMIM]PF6/GCE (1:5) was an adsorption-controlled process involving two-electrons and two-protons. The 
developed sensor has shown to be an excellent electron transfer promoter (ks = 14.7 s−1 ± 3.6 s−1) and had some advantages, such as 
simplicity and renewability, high stability, appropriate linear range and low LOD (67.3 nmol L−1). The proposed methodology was applied 
with success in the determination of ACOP in commercial pharmaceutical formulations and the recovery percentages (82.84% and 
94.75%) which were satisfactory in the analytical procedures. 
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